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We have studied the in vivo function and tissue specificity of Dcas, the Drosophila ortholog of CAS, the importin like
export receptor for importin . While dcas mRNA is specifically expressed in the embryonic central nervous system, Dcas
protein is maternally supplied to all embryonic cells and its nuclear/cytoplasmic distribution varies in different tissues and
times in development. Unexpectedly, hypomorphic alleles of dcas show specific transformations in mechano-sensory organ
cell identity, characteristic of mutations that increase Notch signaling. Dcas is essential for efficient importin-3 nuclear
export in mechano-sensory cells and the surrounding epidermal cells and is indirectly required for the import of one
component of the Notch pathway, but not others tested. We interpret the specificity of the dcas phenotype as indicating that
one or more Notch signaling components are particularly sensitive to a disruption in nuclear protein import. We propose
that mutations in house keeping genes often cause specific developmental phenotypes, such as those observed in many
human genetic disorders. © 2002 Elsevier Science (USA)
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Nucleocytoplasmic transport is essential in all eukary-
otic cells. Considerable progress in understanding the
mechanism of nuclear import and export has been made,
largely through in vivo analyses in yeast and in vitro assays
in permeabilized cells, reviewed in (Conti and Izaurralde,
2001; Go¨rlich and Kutay, 1999; Mattaj and Englmeier, 1998;
Nakielny and Dreyfuss, 1999). The transport of different
protein cargo is mediated by members of the importin 
(imp)/karyopherin  family of transport receptors, which
function as importins and exportins. This family of proteins
share a highly homologous Ran binding domain, first iden-
tified in imp, which mediates nuclear localization signal
(nls)-dependent import (Fig. 1A). Other members of the
1 To whom correspondence should be addressed. Fax: 44-131-
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396family include, CRM1, the export receptor for nuclear
export signal (NES) containing proteins (Fornerod et al.,
1997; Fukuda et al., 1997; Stade et al., 1997) and transpor-
tin, the import receptor for proteins containing the M9
shuttling signal (Fridell et al., 1997; Pollard et al., 1996).
Cargo proteins that carry NES or M9 domains bind directly
to imp family members, whereas proteins with a “classi-
cal” nuclear localization signal (NLS) bind indirectly to
imp via an association with an adaptor protein, importin 
(imp)/karyopherin  (Go¨rlich et al., 1995) (Fig. 1A). The
imp family is highly conserved with one member in S.
cerevisiae, Srp1p (Nachury et al., 1998), and at least six in
humans (Ko¨hler et al., 1999), which show some tissue
specificity (Ko¨hler et al., 1997). The imp adaptors them-
selves require CAS {cellular apoptosis susceptibility factor,
(Brinkmann et al., 1995), subsequently referred to as human
CAS}, an imp-like exportin, for their re-export to the
cytoplasm following protein import (Fig. 1A) (Kutay et al.,
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1997). The directionality of transport of cargo and recycling
of transport receptors and adaptors is ensured in most cases
through the action of the small GTPase Ran. RanGTP
concentrations are high in the nucleoplasm, where it pro-
motes the dissociation of importins from their cargo
by binding to the Ran binding domain of the receptor
(Izaurralde et al., 1997). Exportins on the other hand only
export their cargo when bound to RanGTP in the nucleus.
Ran GDP is found at high levels in the cytoplasm, where it
promotes the dissociation of exportins from their cargo
after export is achieved (Bischoff and Go¨rlich, 1997).
While it is clear that most aspects of nucleocytoplasmic
transport are essential for cell viability in multicellular
organisms, the extent to which particular receptors display
tissue specificity or have regulatory roles is poorly under-
stood. It is also not clear to what extent different tissues and
developmental processes display varying requirements for
transport components. Here, we have addressed these is-
sues by studying the expression patterns of a number of
transport receptors and one importin- during Drosophila
melanogaster embryonic development. We found that
while Drosophila CRM1/embargo (emb) (Collier et al.,
2000), Transportin (Trn) (Norvell et al., 1999) and
importin-3 (imp-3) (Mathe et al., 2000) mRNA are largely
ubiquitously expressed, Drosophila dcas mRNA shows
distinct tissue specificity. dcas mRNA is maternally sup-
plied and disappears at the midblastoderm stage. Later dcas
is zygotically expressed in the embryonic central nervous
system (CNS). Strong dcas mutations abolish the embry-
onic nervous system specific dcas mRNA expression, but
develop normally and later die as 1st instar larvae. These
observations are consistent with the fact that maternally
supplied Dcas protein persists throughout embryogenesis.
Surprisingly, hypomorphic dcas mutations lead to very
specific cell fate transformations in the peripheral nervous
system (PNS). The wild-type mechano-sensory organs of
the PNS consist of two outer cells, the shaft (bristle) and
socket, and three inner cells: the neuron, sheath and a less
prominent glial cell, that migrates away from the other
cells (Gho et al., 1999; Reddy and Rodrigues, 1999). The
organ is derived from a single mechano-sensory organ
precursor (SOP) that is selected from a sheet of epithelial
cells by lateral inhibition of neuronal cell fate. Each SOP
divides asymmetrically in a fixed lineage, initially to gen-
erate two secondary precursor cells, pIIa and pIIb. Subse-
quently, pIIa divides to produce the shaft and socket and
pIIb divides to generate the neuron and the sheath. Each
SOP gives rise to a stereotypic complement of cells through
the segregation of determinants into one of each of the two
daughter cells. Such determinants include the membrane-
associated Numb protein that binds and antagonizes Notch
signaling (Uemura et al., 1989; Wang et al., 1997).
In hypomorphic dcas mutants almost all shafts are trans-
formed into sockets leading to a double socket phenotype in
pupae and adults. Furthermore, in stronger alleles inner
cells are often transformed into sockets, resulting in triple
and quadruple sockets. Such phenotypes are characteristic
FIG. 1. Diagram of nuclear protein import cycle and family tree of
CAS related proteins in different organisms. (A) The import of a
nuclear protein cargo containing an nls. imp links the cargo to
imp and the whole complex docks and translocates through the
NPCs. Once in the nucleus, the complex is dissociated when
RanGTP binds to imp. CAS is required for imp export from the
nucleus. The RanGTP concentration is highest in the nucleus,
whereas RanGDP concentrations are highest in the cytoplasm,
providing directionality to import and export. (B) Diagram repre-
senting the degree of similarity between Dcas and its orthologs in
other species.
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of mutations that cause an increase in Notch signaling
(Maier et al., 1999; Wang et al., 1997). The Notch receptor
functions in restricting neural-fate specification during lat-
eral inhibition. Once cleaved, the Notch intracellular do-
main is imported into the nucleus (Struhl and Adachi,
1998), where it activates the transcription of downstream
genes together with its co-activator, Suppressor of Hairless
{Su(H)} (Barolo et al., 2000; Gho et al., 1996). Hairless (H) is
a Notch antagonist, thought to act by inhibiting Su(H)
function (Maier et al., 1999).
We show that imp-3 accumulates in the nucleoplasm of
all cells of the developing mechano-sensory organ and the
surrounding epidermal cells, suggesting that Dcas is the
export receptor for imp-3 and presumably the other imp-
family members in Drosophila. Taken together, our results
suggest that Dcas is a ubiquitous export receptor required in
all tissues throughout development. We discuss the pos-
sible reasons why dcas mutations show defects character-
istic of developmental control genes and propose that
tissue-specific requirements for imp- function in nuclear
protein import could provide the answer.
MATERIALS AND METHODS
Sequence Analysis
Drosophila databases were searched for imp and imp family
members using Blastp searches (Altschul et al., 1997) and Pro-
filesearch (as implemented on the Bioccelerator facility at EMBL;
http://eta.embl-heidelberg.de:8000/) using profiles based on align-
ments of previously identified Ran binding proteins in human and
Saccharomyces cerevisiae. The following EST (expressed sequence
tags) clones were obtained: LD12436 for CRM1, LD14270 for CAS,
LD15058 for Transportin and LD10286 for imp-3. LD14270 was
sequenced and submitted to the Genbank database (accession
number AJ238857).
Fly Stocks and dcas Alleles
Flies were raised on standard corn meal agar food. The wild-type
Drosophila melanogaster strain used was OregonR. The P-element
was mobilized using standard genetic methods by crossing
l(2)k03902 to a line carrying the transposase and identifying
excision alleles by the loss of the white marker. A total of 35
alleles were generated: 20 viable and 15 lethal. Several alleles were
sequenced. Some viable alleles are precise excisions of the
P-element, others are female sterile alleles containing 37–59bp of
remaining P-element sequence. Seven of the lethal alleles have
remaining P-element sequences between 200 bp and 4.5 kb in size.
The female sterile imprecise excision lines were characterized in
more detail as follows. dcasts1: 37 bp of the P-element remaining,
female sterile at 25°C, lethal at 29°C. dcasts28: 38 bp of the
P-element remaining, lays flaccid eggs at 25°C, but is lethal at
29°C. dcas24: 59 bp of the P-element remaining, semilethal and
does not lay eggs at 25°C. EMS alleles of dcas were identified in a
genetic screen for mutations affecting the cell lineage of Drosoph-
ila mechano-sensory organs (T.T., D.B. and J.A.K., unpublished)
using a tissue-specific Flp/FRT system (Newsome et al., 2000).
Male flies carrying FRT-sites close to the centromere of a particular
chromosome arm were mutagenized and crossed to females that
carry a cell-lethal mutation on the same FRT-chromosome and a
transgene that expresses the Flp-recombinase under the control of
an eyeless enhancer fragment. The progeny of this cross are
heterozygous for the generated mutation but become homozygous
in all tissues that express the eyeless promoter fragment. Even
though this system was designed to analyze eye development,
mutant clones extend over the whole head capsule and include
most of the macro- and microchaetae bristles on the head.
Immuno-Histology
Nota or heads from pupae at 24–30 h APF were dissected in
1%BSA, 0.1% Triton -100, 1 PBS and fixed in a 5% paraformal-
dehyde solution in 1 PBS. To generate Dcas antibodies, amino
acids 11–443 of Dcas were fused to GST. This fusion protein was
purified on a glutathione column, eluted and injected into rats. The
resulting Dcas antibody was used at 1:2000 for Western blotting
and 1:100–1:200 for whole mount staining using standard method-
ology. Embryos (0–12 h) were collected and fixed as described by
(Tautz and Pfeifle, 1989) using 4% paraformaldehyde in 1 PBS.
Ovaries were dissected in IMADS (Singleton and Woodruff, 1994)
and fixed in Devit buffer saturated with Heptane according to
(Verheyen and Cooley, 1994). Embryos and ovaries were incubated
in 5 mg/ml RNAseA for 3 h at 37°C and extensively washed with
1 PBS, 0.1% Tween 20 solution before incubating with Dcas and
Lamin primary antibodies, followed by the appropriate secondary
antibodies and staining with To-Pro 3 (1:500, Molecular Probes).
Other primary antibodies used for immunodetection: Rabbit anti
Pros 1:1000 (Vaessin et al., 1991), mouse anti-cut (mAb 2B10,
Developmental Studies Hybridoma Bank, 1:500), rat anti-Su(H)
(1:2000, F. Schweisguth), rabbit anti-imp-3 (1:1000, Sue Cotterill),
rabbit anti-Lamin (1:75, P. Fischer). All Alexa-coupled secondary
antibodies were from Molecular Probes and used at 1:500. Images
were acquired using a widefield deconvolution microscope from
Applied Precision, as previously described (Davis, 2000) or on a
Zeiss LSM-510 laser scanning confocal microscope.
In Situ Hybridization
In situ hybridization using antisense and control sense probes
with histochemical detection were performed as previously de-
scribed (Tautz and Pfeifle, 1989) with modifications described in
(Wilkie and Davis, 1998; Wilkie et al., 1999).
Scanning Electron Micrographs
Flies were frozen in an Eppendorf tube at 20°C for 30 min,
dehydrated overnight in a chamber containing silica gel and then
coated with gold.
RESULTS
dcas mRNA Is Maternally Supplied and
Zygotically Expressed in the Embryonic Nervous
System
As a first step in determining the in vivo functions of
nuclear transport factors during development, we studied
the expression patterns of a number of Drosophila transport
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receptors and one adaptor. We identified and characterized
Drosophila orthologs by performing database searches with
the S. cerevisiae and known human imp Ran binding
domains (Ohno et al., 1998) (see Materials and Methods),
obtaining EST clones and mapping their cytological posi-
tion. We performed in situ hybridization on wild-type
embryos with probes against emb, Trn1, dcas, and imp-3,
the Drosophila orthologs of CRM1, transportin1, human
CAS and imp-3, respectively. We found that the mRNAs
of most of these nuclear transport factors were ubiquitously
expressed throughout development with only minor differ-
ences in the levels of expression between different tissues
(Figs. 2H–2J). In contrast, dcas shows a dramatic pattern of
tissue-specific mRNA expression (Figs. 2D and 2E). Mater-
nally supplied dcas mRNA is present in egg chambers (Fig.
2A) and is highly abundant in 0–2.5 h embryos (Fig. 2B), but
disappears in blastoderm embryos at mid interphase 14 (Fig.
2C). In stage 11–13 embryos, dcas mRNA becomes highly
enriched in the embryonic CNS (Figs. 2D and 2E). At later
stages, dcas is no longer expressed in the ventral nerve cord
but persists in the brain lobes (data not shown). dcas is 52%
identical to human CAS and highly homologous proteins
were found for several other organisms by database searches
(Fig. 1B).
To determine whether the distribution of Dcas protein
matches that of the mRNA, we raised a polyclonal antibody
against Dcas. The antibody decorates a single band of the
expected size of approximately 110 kDa on Western blots
(data not shown) and the band is significantly reduced (data
not shown) in abundance in dcas mutants (see below),
confirming the specificity of the antibody. Western blots
and protein immunolocalization in whole mount wild-type
embryos show that the protein is present throughout devel-
opment at approximately similar levels (Fig. 3 and data not
shown) indicating that the maternal supply of Dcas protein
persists during embryogenesis. However, Dcas protein dis-
tribution varies with different stages of the cell cycle in
early embryos (Figs. 3A and 3B). In interphase, Dcas protein
is predominantly nuclear (Fig. 3A), but during mitosis it is
present in the cytoplasm (Fig. 3B). We also observed changes
in the relative levels of nuclear and cytoplasmic pools of
Dcas protein in different cells and stages of oogenesis (Figs.
3C and 3D), presumably reflecting the amount of nuclear
transport that is taking place in different tissues and times
in development. For example, the level of protein in nurse
cell nuclei increases dramatically during stage 10 of oogen-
esis (Fig. 3D).
Dcas Is Specifically Required for Mechano-Sensory
Organ Cell Fate Determination
To determine the function of Dcas during development,
we isolated mutations in the gene. We first sequenced the
full length cDNA and characterized the genomic region
surrounding the gene (Fig. 4A). dcas is located within an
intron of the midway gene, which encodes a homologue of
mammalian Acyl Coenzyme A: diacylglycerol acyltrans-
ferase (DGAT) (Buszczak and Cooley, Genetics, in press). A
pre-existing lethal P-element insertion, l(2)k03902, is lo-
cated 71bp upstream of the ATG of dcas (Fig. 4B). In situ
hybridization with dcas probes showed that the P-element
insertion abolishes dcas nervous system mRNA expres-
sion (Fig. 2F) suggesting that its phenotype is due to a
disruption of dcas expression. However, l(2)k03902 and
l(2)k03902/Df(2L)H20 (a deficiency that deletes dcas) em-
bryos have normal nervous systems as judged by 22C10
staining (an antigen expressed by some CNS and all PNS
neurons) (Fujita et al., 1982) and hatch at normal rates (data
not shown). First instar larvae die soon after hatching,
presumably because the maternally supplied protein is
FIG. 2. mRNA expression patterns of dcas and other transport
factors. (A–E) mRNA in situ hybridization with antisense probes
against dcas. (A) wild-type egg chambers showing maternal supply
of dcas mRNA. (B) Stage 3, preblastoderm embryo showing very
high levels of maternally supplied mRNA. (C) Stage 5, syncytial
interphase 14 blastoderm embryo in which most or all the mater-
nally provided mRNA has disappeared. (D) Stage 11, germ-band
extended embryo and (E) Stage 13, germ-band retracted embryo
showing very high levels of dcas mRNA expression in the brain
lobes and ventral nerve cord of the central nervous system. (F) Stage
12, homozygous P-element insertion into dcas {l(2)k03902/(2)k03902}
showing no detectable dcas mRNA. (G) Stage 3, preblastoderm
embryo showing very high levels of maternally supplied trn
mRNA. (H–J) Stages 12–13, showing ubiquitous mRNA expression
of: trn (H), emb (I), and imp-3 (J).
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sufficient to support normal development until the end of
embryogenesis. Homozygous l(2)k03902 first instar larvae
die at the same time as l(2)k03902/Df(2L)H20 suggesting
that the P-element is likely to be a null. We found that
l(2)k03902 homozygous clones were not recovered (data not
shown) using eyFLP/FRT (Newsome et al., 2000), suggest-
ing that dcas performs an essential cell function.
To determine whether the lethality of l(2)k03902 is due
to the P-element insertion itself, we mobilized the
P-element. Precise excisions were found to fully rescue the
lethality and zygotic dcas expression, showing that the
lethality is due to the P-element insertion. We also gener-
ated hypomorphic alleles by imprecise excisions of the
P-element to investigate the requirement for dcas at other
stages of development (see Materials and Methods). We
studied several hypomorphic alleles, all of which have
similar phenotypes to each other but vary in their severity.
One typical allele, dcasts28, is lethal at 29°C, but is a female
sterile that lays flaccid eggs at 25°C. The phenotype of
dcasts28 was studied in greater detail and compared with
other alleles of dcas (see below) and against dcas16, a
precise excision allele which resembles wild-type (referred
to subsequently as precise excision).
To determine whether the P-element insertion and im-
precise excision alleles disrupt dcas function, we made a
genomic rescue construct that includes the entire dcas gene
and some sequences upstream of dcas. This construct lacks
the midway transcription start site and sequences encoding
the N-terminal half of the protein (Fig. 4A). We found that
the genomic dcas construct is able to rescue the lethality of
l(2)k03902, whereas a full length dcas cDNA construct
does not rescue the midway mutant phenotype. These
results demonstrate that the lethality of the P-element is
due to a disruption of dcas. The dcas genomic fragment also
fully rescues the female sterility, lethality and bristle phe-
notypes of all the dcas alleles we studied (see below).
Therefore, all aspects of the phenotype of dcas mutants are
due to a disruption of dcas rather than midway.
Unexpectedly, we found that dcasts28 flies show surpris-
ingly specific cell fate transformations in mechano-sensory
organs (Fig. 5). In wild-type flies, the adult mechano-sensory
organs consist of two external cells, a shaft cell that is held
in place by a socket cell and two internal cells, the sheath
and neuron, which are not visible on the external cuticle
(see below). In dcasts28/Df(2L)H20, the shafts are missing
from 92% of mechano-sensory organs on the notum. In-
stead, the organ consists externally of two or occasionally
three or four sockets (Fig. 5). The dcasts28 phenotypes could
either be due to the residual P-element sequences (see
Materials and Methods) causing a tissue-specific disruption
of promoter element function, or to genuine differences
between the requirements of different tissues for dcas
function. To distinguish between these possibilities, we
studied two different EMS-induced lethal point mutations
that alter the Dcas protein sequence. The EMS alleles were
isolated in an independent screen for mutations that disrupt
mechano-sensory organ cell specification (see Materials and
Methods) and were shown to affect the same gene as
l(2)k03902. We sequenced the dcas coding region in the
EMS alleles and found that dcasEMS25 has a mutation (D314 to
N) in the coding region causing a change in a highly
conserved amino acid, while dcasEMS39 has an altered splice
site consensus (Fig. 4B). We created large homozygous
clones of the EMS alleles in the head using the eyFLP/FRT
system (Newsome et al., 2000) and found that both muta-
tions gave very similar phenotypes to the hypomorphic
P-element induced imprecise excision alleles (Figs. 5 and 6).
All allelic combinations tested in heterozygotes gave simi-
lar phenotypes, but varied in their strengths as judged by
frequencies of the different multiple sockets. Therefore, we
established an allelic series: l(2)k03902/Df(2L)H20,
FIG. 3. The expression pattern of Dcas protein in egg chambers
and embryos and its localization during the cell cycle. (A–D) Dcas
protein is shown in green, DNA in blue and Lamin in red. (A)
Blastoderm embryo showing that Dcas protein is predominantly
nuclear during interphase. (B) Gastrulating embryos showing that
Dcas protein is cytoplasmic in mitotic domains in the head
(arrowheads), but nuclear in other parts of the embryo, which are in
interphase. (C) stage 2 and 5 egg chambers showing that Dcas
protein is nuclear and cytoplasmic in early egg chambers. Slightly
more Dcas protein is in the oocyte nucleus (arrowhead) than in
cytoplasm and the reverse is true in nurse cells (small arrow) and
follicle cells (large arrow). (D) Stage 10B egg chamber showing that
Dcas protein is localized to the oocyte nucleus (arrowhead), en-
riched in nurse cell nuclei (arrow), but is mostly cytoplasmic in
follicle cells.
400 Tekotte et al.
© 2002 Elsevier Science (USA). All rights reserved.
dcasEMS25, dcasts28/Df(2L)H20, dcasEMS39, with decreasing se-
verity of cell transformation (Fig. 6G).
dcas Mutants Cause a Disruption of Imp-3
Nuclear Export Leading to Specific Transformation
of Mechano-Sensory Organ Cells to Socket Cells
To determine whether the dcas phenotype reflects a
specific transformation of cell fate, the mechano-sensory
cell lineage was studied using a variety of cell markers in
early pupae. We found that internal mechano-sensory organ
cells indeed show specific cell fate transformations rather
than nonspecific effects on cell proliferation and division.
Wild-type mechano-sensory organ cells originate by a ste-
reotypic lineage of asymmetric cell divisions resulting in
five cells: shaft, socket, neuron, sheath and a less prominent
glial cell, that subsequently migrates away from the other
cells (Gho et al., 1999). We found that in dcasts28 and in
EMS-induced dcas alleles the additional socket cells origi-
nate from mis-specified shaft, neuron or sheath cells, as the
total number of cells remains unchanged (Fig. 7 and data
not shown). When two sockets are present, the internal
cells are normal, but when three or four socket cells are
present, the internal cells are reduced to one or none,
respectively (Fig. 7).
To determine whether the defects we observe in nuclear
protein import are due to a disruption in imp-3 export in
dcas mutants, we visualized imp-3 distribution in dcas
pupal nota. We found that imp-3 is enriched in the nucleus
at the time when asymmetric cell divisions take place in
the bristle lineage, as well as a similar aberrant imp-3
localization in the surrounding epidermal cells (Figs. 8A–
8F). We conclude that dcas has a similar function to that of
human CAS (Kutay et al., 1997) and yeast Cse1p (Hood and
Silver, 1998; Kunzler and Hurt, 1998; Solsbacher et al.,
1998) and is likely to be required in all cells for imp-3
export, explaining why homozygous clones of the
P-element are cell lethal (see above).
Our results show that, like in other organisms, Dcas is
required for imp-3 export and by inference for the nuclear
import of nls-containing proteins. The dcas mutant pheno-
types closely resemble those reported for mutations that
increase signaling by the Notch pathway, including H and
Numb, or overexpression of the Notch intracellular do-
main. Therefore, we tested whether a perturbation in the
nuclear/cytoplasmic distribution of components of the
Notch pathway could underlie the observed developmental
defects. We analyzed the localization of components of the
Notch pathway in dcas mutants by staining with antibod-
ies against H (Maier et al., 1999), Notch (Struhl and Adachi,
1998) and Su(H) (Barolo et al., 2000; Bray and Furriols, 2001;
Gho et al., 1996). We found that most proteins showed no
clear changes in intracellular distribution (data not shown),
including some other factors involved in mechano-sensory
organ specification, such as Prospero (Pros). The only ex-
ception was Su(H), which shows a reduction in the ratio of
nuclear to cytoplasmic protein (Figs. 8G–8O). However, the
difference in distribution was seen at later stages of devel-
opment, when Su(H) functions in mechano-sensory organ
physiology rather than cell specification (Barolo et al.,
2000). We were unable to detect changes in Su(H) localiza-
tion at earlier stages (data not shown, see Discussion).
Nevertheless, our results highlight that dcas mutants show
a defect in nuclear protein import.
In addition to their role in nuclear transport, CAS, Imp
and Ran have been demonstrated recently to function in
spindle formation in mammalian cells (Carazo-Salas et al.,
2001; Dasso, 2001; Gruss et al., 2001; Kalab et al., 1999). In
the dividing mechano-sensory organ cells the spindle func-
tions in the orientation of the division and in the segrega-
tion of determinants of cell fate. One key component is the
Numb protein, which is normally segregated asymmetri-
cally to only one daughter cell and disruption of Numb
localization causes a multiple socket phenotype (Rhyu et
al., 1994), similar to dcas mutations. We therefore tested
whether the hypomorphic dcas phenotype is associated
with aberrant Numb localization. We found that Numb
segregation in dcas mutants is indistinguishable from wild-
type (data not shown). Furthermore, the correlation be-
tween Numb localization and spindle orientation, which is
found in wild-type, is maintained in dcas mutants (data not
shown). We therefore conclude that the dcas cell fate
transformations are not caused by a defect in Numb protein
segregation or by an abnormal spindle orientation.
FIG. 4. Molecular characterization of the dcas locus and muta-
tions. (A) Map of the dcas genomic region. dcas is located within an
intron of midway, a gene encoding acyl-coenzyme A: diacylglyc-
erol acyl-transferase (DGAT), which is transcribed in the opposite
direction. Restriction enzymes: RI (EcoRI); NI (NcoI). Black boxes
indicate the dcas and midway open reading frames; “*” indicates
the stop codon. The position of the P-element insertion near dcas
is shown. The genomic region shown here corresponds to 21 kbp of
GenBank AE003652. (B) The intron/exon structure of dcas. Black
boxes indicate the predicted open reading frame. The position of
the residual P-element sequences in dcasts28 are shown, as well as
the amino acid changes in dcasEMS39 and dcasEMS25. “RanBD” marks
the position of the Ran binding domain.
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DISCUSSION
We have characterized the expression pattern and func-
tion of dcas, the Drosophila ortholog of human CAS (yeast
Cse1p), an imp related nuclear export receptor. dcas is
52% identical to human CAS and we show that, like its
ortholog, dcas is required for the nuclear export of at least
one imp- and indirectly for the import of at least one
nuclear protein. Here, we present the first in vivo charac-
terization of the function of the gene during multicellular
development. Most current understanding of the mecha-
nism of nucleocytoplasmic transport has been gained in
yeast or through the use of biochemical assays in perme-
abilized single cells. Therefore, the potentially specific
activities of transport factors during development have not
been addressed, despite several recent reports of specific
functions during the cell-cycle (Kong et al., 2000; Swanson
et al., 2000; Takizawa and Morgan, 2000).
Nuclear transport receptors have been considered to be
generic house keeping machinery and therefore presumed
to be essential for the viability of all cell types. Our data
support this idea, because Dcas is likely to be required in all
tissues for the nuclear export of imp and is essential for
the viability of both larvae and flies and probably for general
cell survival. However, despite the ubiquitous function of
Dcas, we find that mutations in the gene cause tissue-
specific defects normally associated with mutations in key
developmental regulators. Hypomorphic alleles of dcas
show very specific defects in cell fate determination during
development of the mechano-sensory bristles. These
closely resemble the phenotypes of mutations that increase
Notch signaling, for example, overexpression of the Notch
intracellular domain or Su(H) (Bray and Furriols, 2001), as
well as alleles of numb (Rhyu et al., 1994) or H (Maier et al.,
1992).
We showed that a dcas mutant leads to nuclear accumu-
lation of imp-3, presumably because of a reduction in
imp-3 export. This mutation also reduces the nuclear
levels of Su(H) at late stages of bristle development, which
we attribute to the inhibition of its nuclear import due to
reduced availability of imp-3 in the cytoplasm. However,
other proteins tested, Notch, H, and Pros, did not show
clear differences in distribution, demonstrating differential
sensitivity among potential substrates to reduced imp
levels.
What Is the Cause of the dcas Mechano-Sensory
Bristle Phenotype?
The simplest explanation for the unexpected specificity
of the dcas phenotype is that nuclear import of one or more
of the components of the Notch signaling pathway is
unusually sensitive to cytoplasmic levels of imp. This
might reflect a particularly high transport requirement or
differences in efficiency of import of cargo. Alternatively, a
fine balance may exist in the nuclear/cytoplasmic distribu-
tion of components of the Notch pathway. Many proteins
that function in the nucleus, including some transcription
factors, are able to shuttle rapidly between the nucleus and
the cytoplasm and the distribution of such proteins may be
perturbed easily. However, a perturbation in Notch or Su(H)
nuclear import is expected to lead to the opposite pheno-
type to dcas, as would a disruption in Tramtrack import, a
down stream component in the Notch pathway. H is a
better candidate for a factor whose import is disrupted in
dcas mutants because its loss of function phenotypes re-
sembles that of dcas mutants. Prospero may also be a
candidate, but its role in PNS development is not very well
studied. While we have not been able to observe any clear
defects in the nuclear accumulation of H, Notch intracel-
lular domain and Prospero, immunolocalization is a poor
indicator for signaling activity in the nucleus (Struhl and
FIG. 5. P-element induced dcas mutations cause specific cell fate
transformations in mechano-sensory organs. Scanning electron
micrographs of adult nota. (A) and (B) dcas16/Df(2L)H20 (precise
excision of P-element) showing a notum with normal microchaetae
and macrochaetae. (C) and (D) dcasts28/Df(2L)H20 (imprecise exci-
sion of P-element) notum in which more than 95% of macrochae-
tae and microchaetae show a specific transformation of shaft cells
to socket cells. (E)–(H) High powered view of single microchaetae
from a dcasts28/Df(2L)H20 notum. (E) Not transformed. (F) Double
socket. (G) Triple socket. (H) Quadruple socket. Scale bar is 200 m
in (A), 100 m in (B) and 20 m in (E). Magnification is identical in
(A) and (C); (B) and (D) and (E)–(H).
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Adachi, 1998) and the lack of obvious changes in protein
distribution is not conclusive. The only exception we found
was Su(H), whose distribution was altered in dcas mutants
(Fig. 8), but this effect was visible only after the mechano-
sensory organ cells were already specified. At this time
Su(H) functions in socket cell physiology rather than cell
fate specification (Barolo et al., 2000). We were not able to
detect any changes in the nuclear/cytoplasmic distribution
of Su(H) at an earlier time when cell division and specifica-
tion take place and Su(H) protein is low in abundance.
Nevertheless, these observations do show that Dcas is
required indirectly for the import of Su(H) at later times.
Future complementary biochemical and genetic experi-
ments may be able to identify which component of Notch
signaling is most sensitive to a disruption in Dcas function.
Alternative explanations for the specificity of the dcas
phenotype can be envisaged, but have not yet been tested.
For example, one specific imp might preferentially func-
tion in mechano-sensory cell fate determination and be
particularly sensitive to perturbations in Dcas function.
This hypothesis is supported by the fact that most Drosoph-
ila mechano-sensory cell specification factors have a clas-
sical nuclear localisation signal, which is recognized by
imp. Furthermore, several different imp family members
exist in mammals, and Drosophila has four imp family
members (Ku¨ssel and Frasch, 1995) (To¨ro¨k et al., 1995)
(Mathe et al., 2000) (Tekotte and Davis, unpublished data).
In mouse embryos different members of the imp family
show different patterns of tissue specific expression (Ko¨hler
et al., 1997). In vitro studies show that different NLS-
containing proteins are likely to have a preference for
binding to different imp family members, especially when
in competition with each other, as is likely to occur in vivo
(Ko¨hler et al., 1999). Together, these results suggest that
imp proteins could preferentially transport different im-
port substrates in different tissues. However, the two Dro-
sophila imp members that have been studied in some
detail, OHO31 and imp-3, do not show the same tissue
specific expression as dcas and a more extensive test of this
hypothesis awaits analyses of the expression patterns and
the cargo preferences of all the different Drosophila imp
genes.
Recent in vitro evidence in mammalian cells shows that
Ran, imp, imp, and possibly CAS have a function in
mitotic spindle assembly, which is independent of their
role in NLS-mediated nuclear import during interphase, but
involves similar molecular interactions (Dasso, 2001). This
raises the possibility that the specificity of the dcas pheno-
type could be due to its function with imp in the regula-
FIG. 6. EMS-induced dcas mutations cause a specific multiple
socket phenotype and form a phenotypic series with dcasts28.
Scanning electron micrographs of clones of homozygous dcasEMS39
and dcasEMS25 mutations in the head induced by ey FLP. (A) and (B)
show macrochaetae and microchaetae pattern on wild-type head.
(C) and (D) dcasEMS39 headclones with either untransformed cells or
shaft-to-socket transformation resulting in double sockets. (E) and
(F) dcasEMS25 headclones with mostly three or four sockets. Scale bar
in (A) represents 100 m and the magnification of (A), (C), and (E)
are identical. (B), (D), and (F) are parts of panels (A), (C), and (E),
respectively, which are magnified by a factor of three. (G) Graph
showing the frequency in percent of the different classes of mutant
mechano-sensory organs: One shaft and one socket, two sockets,
three sockets, four sockets, absent macrochaetae, or other pheno-
types. Ten independent headclones were scored for each mutant.
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tion of asymmetric cell division and spindle orientations
rather than in nuclear protein import. Certainly, recent
evidence suggests that imp could also influence the rate of
microtubule polymerization (Carazo-Salas et al., 2001) and
previous evidence suggested that human CAS associates
with microtubules (Scherf et al., 1996). In Drosophila, the
orientation of the spindles during the SOP divisions is
essential for the specification of correct cell fate, as is the
co-alignment of the asymmetrically segregated determi-
nants, such as Numb, with the spindle. However, we did
not observe any changes in the segregation or distribution
of Numb protein in dcas mutants nor any defects in the
co-alignment of the Numb crescent with the spindle.
Therefore, the specificity of the dcas phenotype is unlikely
to be caused by a role in spindle formation or segregation of
factors required for mechano-sensory cell specification.
There are several other prominent cases of apparently
highly specific developmental defects that are due to mu-
tations in ubiquitous factors with house keeping functions.
Recent examples include, two of the most common human
genetic diseases, spinal muscular atrophy (SMA) and Rett
FIG. 7. Shaft cell and internal mechano-sensory organ cells are
transformed specifically into socket cells in dcas mutants. (A–H)
Macrochaetae visualized by indirect immunofluorescence in pupae
aged 23–28) h after pupa formation (APF). (A–D) Wild-type. (E–H)
dcasts28/Df(2L)H20 showing a double socket phenotype. (I–P) Mi-
crochaetae visualized by indirect immunofluorescence in pupae
aged 28–30) h APF. (I–L) dcas16/Df(2L)H20 precise excision (M–P)
dcasts28/Df(2L)H20 showing missing inner cells and three to four
socket cells. (A), (E), (I), and (M) Cut nuclear expression in all cells
of the mechano-sensory organs. (B), (F), (J), and (N) Su(H) expression,
marking all socket cells. (C), (G), (K), and (O) Pros expression,
marking sheath cells. (D), (H), (L), and (P) merge Cut (red), Su(H)
(green), and Pros (blue).
FIG. 8. dcas mutant mechano-sensory cells and epidermal cells
show abnormal imp-3 accumulation in the nucleus and Su(H)
accumulation in the cytoplasm. (A–F) Microchaetae (G–O) Macro-
chaetae (A–C) dcas16/Df(2L)H20 (precise excision of P-element).
(D–F) dcasts28/Df(2L)H20 (imprecise excision of P-element). (A and D)
Cut expression marking the microchaetae clusters of three to four
cells, at the time of pIIb division. (B) Normal imp-3 accumulation at
the nuclear envelope in precise excision. (E) imp-3 is mislocalized to
the nucleus. (C and F) Merged image of Cut (green) and imp-3 (red).
(G–I) wild-type. (J–O) dcasEMS25 homozygous clones in the head. (G, J,
and M) Cut expression marking macrochaetae clusters of four cells (in
(J–L) the forth cell is in a different focal plane). (H, K, and N) Su(H)
expression marking the sockets. (G–I) One socket. (J–L) three sockets.
(M–O) Four sockets. (G–I) Su(H) is normally predominantly nuclear in
the socket cell. (J–O) Su(H) is nuclear and cytoplasmic in dcas
mutants. (I, L, and O) Merged image of Cut (red) and Su(H) (green).
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syndrome. SMA is due to mutations in the survival of
motor neurons protein, a ubiquitous assembly and putative
nuclear cytoplasmic transport cofactor for small RNA-
protein complexes (Pellizzoni et al., 2001). Rett syndrome
patients display specific neurological defects, which are
caused by mutations in a ubiquitous house keeping methyl-
DNA binding protein, MeCP2 (Amir et al., 1999; Guy et al.,
2001). It seems likely that specific phenotypes observed in
other human genetic disorders may be caused by mutations
in ubiquitous house keeping factors.
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